Binding of EF2•GTP to the ribosome was thought to eIF5B mutations in Switch I, an element conserved in induce a conformational change and promote ribosomal all GTP binding domains, impair GTP hydrolysis and translocation following peptide bond formation. Subsegeneral translation but not eIF5B subunit joining funcquent hydrolysis of GTP would enable release of EF2 tion. Intragenic suppressors of the Switch I mutation from the ribosome. However, kinetic analyses revealed restore general translation, but not eIF5B GTPase acthat GTP hydrolysis by EF2 precedes ribosomal translotivity. These suppressor mutations reduce the ribocation, and the latter is followed by the release of EF2 some affinity of eIF5B and increase AUG skipping/ (Rodnina et al., 1997). In addition, an interdomain crossleaky scanning. The uncoupling of translation and link designed to prevent a conformational change in EF2 eIF5B GTPase activity suggests a regulatory rather impaired translocation, but not GTP hydrolysis (Peske than mechanical function for eIF5B GTP hydrolysis in et al., 2000). These findings led to the idea that EF2 is translation initiation. The translational defect suggests a motor protein that uses GTP-hydrolysis dependent eIF5B stabilizes Met-tRNA i Met binding and that GTP hyconformational changes to drive ribosomal translocadrolysis by eIF5B is a checkpoint monitoring 80S ribotion (Rodnina et al., 1997). some assembly in the final step of translation initiation. Met-tRNA i Met complex binds to an mRNA near the 5Ј end elongation factor 2 (EF2/EF-G), and initiation factor 2 and scans down the mRNA. Recognition of an AUG and its ortholog eukaryotic initiation factor 5B (IF2/ codon triggers GTP hydrolysis by eIF2 and release of eIF5B). These proteins share a common core structure, the factor from the preinitiation complex. Thus, eIF2 the guanine-nucleotide binding domain (G domain GDPNP for GTP locked eIF5B on the 80S ribosome fol-
lowing subunit joining, demonstrating that the eIF5B ribosome-dependent GTPase activity is not necessary for subunit joining (Pestova et al., 2000) . However, the 80S ribosomes formed in the presence of GDPNP were not competent for translation. Thus, GTP hydrolysis by eIF5B may be required for essential mechanical work to convert the 80S product of subunit joining to a translationally competent state. Alternatively, GTP hydrolysis may function as a regulatory switch necessary for eIF5B release following subunit joining. Consistent with a mechanical role for GTP hydrolysis, studies on bacterial IF2, an ortholog of eIF5B, suggested that GTP hydrolysis facilitated adjustment of Met-tRNA f Met on the ribosome (La Teana et al., 1996). In addition, kinetic studies indicated that IF2 functions like EF2 with rapid GTP hydrolysis and slow P i release that is rate-limiting for subsequent steps (Tomsic et al., 2000) . Intriguingly, these kinetic analyses challenged the importance and function of GTP binding and hydrolysis by IF2, as these activities did not appear to be critical for translation initiation (Tomsic et al., 2000) . Following subunit joining and eIF5B release, translation initiation is completed and the 80S ribosome is poised to begin translation elongation.
The X-ray structure of M. thermoautotrophicum (M. therm.) eIF5B revealed a four domain protein resembling a molecular chalice with the first three domains forming the cup of the chalice and connecting through a long ␣ helix to domain IV, the base of the chalice ( . After 5 min incubation to allow ternary complex formation, 80S, eIF1, eIF1A, eIF5, an unstructured model mRNA template (5Ј-GGAA (UC) 7 UAUG(CU) 10 C), and eIF5B (150 nM for wild-type and mutants) were added simultaneously to initiate 80S complex formation. Following incubation at 26ЊC for up to 30 min, aliquots were mixed with 10ϫ loading dye and loaded directly onto a running 4% polyacrylamide gel. In these assays, subunit joining activity was indirectly assessed by monitoring [
S]Met-tRNA i Met bound to 48S complexes (40S ribosome, eIF2•GTP•Met-tRNA i

Met
, mRNA, and additional factors) and 80S complexes. (C) Phosphorimage of a native gel examining the ability of eIF5B mutants to stimulate 80S complex formation. Progress of 80S complex formation was monitored in reactions containing wild-type eIF5B (WT), eIF5B-T439A, eIF5B-H480E, eIF5B-T439A,H505Y, or no eIF5B by stopping the reactions at 6, 12, and 30 min. In the first image, reactions lacked eIF5B and non-hydrolyzable GDPNP was , an N-terminally truncated form of eIF5B (residues 396-1002) was utilized for all of the studies in this report. Alternatively, these domain movements may be necessary to switch eIF5B from an active state with high riboPlasmid-borne wild-type and Switch I mutant versions of eIF5B were introduced into a ⌬eIF5B strain lacking the some affinity to an inactive state that dissociates from the ribosome. To distinguish between mechanical and FUN12 gene encoding yeast eIF5B. Yeast expressing an eIF5B-T439A (Thr-439 to Ala) mutant as the sole source regulatory roles for eIF5B, we conducted a mutational and biochemical analysis of eIF5B. Our results indicate of eIF5B exhibited a severe slow-growth phenotype with a doubling time 4-fold higher than wild-type (10 hr versus that the energy of GTP hydrolysis is not critical for essential mechanical functions of eIF5B, but instead activates 2.5 hr). Mutations in the residues flanking Thr-439 were without effect (G436A, G437A) or caused a less severe a regulatory switch required for eIF5B release from the ribosome following subunit joining.
slow-growth phenotype (E434A, I438A). Interestingly, yeast expressing eIF5B-T439A grew more slowly than cells lacking eIF5B (see Figure 2A) . Thus, the eIF5B-T439A mutant is not simply inactive, but interferes with an eIF5B-independent translation initiation pathway operative in ⌬eIF5B cells.
Switch I T439A Mutation Impairs the GTPase Activity, but Not the Ribosome Joining Function of eIF5B Biochemical analyses revealed that the T439A mutation did not impair GTP or GDP binding to eIF5B (data not shown). In contrast, the ribosome-dependent GTPase activity of eIF5B-T439A was below background levels ( Figure 1A) . Likewise, an eIF5B-H480E mutation, which alters a conserved Switch II residue corresponding to the catalytically important Gln-61 of human Ras, reduced the GTPase activity to below background levels ( Figure 1A ). To analyze the subunit joining activity of wild-type and mutant forms of eIF5B, we used the reconstituted yeast translation initiation system of Algire et al. Figure 1C , and data not shown). Addition of eIF5B-T439A or eIF5B-H480E greatly stimulated observable 80S complex formation ( Figure 1C ). As both eIF5B-T439A and eIF5B-H480E lacked detectable GTPase activity, these proteins may promote the 80S joining step and then fail to be released from the ribosome. Accordingly, the presence of eIF5B on the 80S ribosome may stabilize Met-tRNA i Met binding. These results are consistent with the previous observation that GTP hydrolysis is not required for eIF5B-catalyzed ribosomal subunit joining in mammals (Pestova et al., 2000) .
To test the idea that the lower levels of 80S complex formed with wild-type eIF5B versus eIF5B-T439A reflected the release of wild-type eIF5B and the MettRNA i
Met from the ribosome following GTP hydrolysis, we modified the protocol for the 80S joining assay. In the first step of the assay eIF2 was incubated with GTP, then a 50-fold molar excess (relative to GTP) of non- hydrolyzable GDPNP was added together with eIF5B ( Figure 1B ). Addition of GDPNP enhanced by ‫-9ف‬fold the amount of 80S complexes observed with wild-type eIF5B ( Figure 1D ). This result is consistent with the idea that locking eIF5B on the ribosome by blocking GTP hydrolysis, stabilizes Met-tRNA i Met binding. In assays lacking eIF5B, addition of GDPNP resulted in accumulation of 48S complexes ( Figure 1D ). As GTP hydrolysis by eIF2 is required for its release, the GDPNP locks eIF2 and Met-tRNA i Met on the 48S complex.
Isolation of Intragenic Suppressors of the eIF5B-T439A Mutation
To gain further insight into the roles of Switch I and GTP hydrolysis for eIF5B function, we screened for intragenic suppressors of the eIF5B-T439A mutation. Three independent suppressor mutations were identified ( Figure  2A ): His-505 to Tyr (H505Y) in the G domain, and Phe-643 to Ser (F643S), and Ala-709 to Val (A709V) in domain II. The H505Y mutation was the most effective suppressor; however, all three suppressors conferred better growth rates than the vector control ( Figure 2A ). As shown in Figure 2B , eIF5B-T439A and the suppressor eIF5B-T439A,H505Y were expressed to the same level, similar to wild-type eIF5B. The location of the suppressor mutations were mapped on the structure of eIF5B. Using the X-ray structure of eIF5B from M. therm. as a template, a model of yeast eIF5B ( Figure 2C lected for more in depth analysis. The H505Y mutation failed to suppress the H480E mutation indicating that H505Y is a specific suppressor of Switch I mutations in eIF5B (data not shown). In addition, yeast expressing eIF5B-H505Y grew like wild-type (see Figure 6A ). As the T439A mutation impaired the ribosome-dependent GTPase activity of eIF5B ( Figure 1A) , the simplest mechanism of suppression would be for the H505Y mutation to restore GTPase activity. However, as shown in Figure  1A , eIF5B-T439A,H505Y lacked detectable GTPase activity. In addition, eIF5B-T439A,H505Y bound GTP and GDP with similar affinities as wild-type eIF5B and eIF5B-T439A (data not shown). Thus, the H505Y mutation suppressed the growth defect associated with the eIF5B-T439A mutation without restoring GTPase activity. Two assays were employed to examine the effects of the eIF5B mutations on general translation in yeast. Polysome profile analysis revealed that the eIF5B-T439A mutation resulted in a severe loss of polysomes and corresponding increase in inactive 80S monosomes (compare polysome/monosome ratio of 3.4 for the wildtype strain to 1.1 for the eIF5B-T439A strain; Figure 3A) . Thus, the translation defect caused by the eIF5B-T439A mutation affected the majority of mRNAs in the cell and not simply a few key growth-regulatory mRNAs. Consistent with the notion that the H505Y suppressor mutation restored the ability of eIF5B-T439A to promote general translation, the polysome to monosome ratio in the suppressor strain increased nearly 2-fold (2.1 for eIF5B-T439A,H505Y versus 1.1 for eIF5B-T439A; Figure 3A) . A second test of general translational activity was to monitor expression from an electroporated luciferase reporter mRNA. The eIF5B-T439A mutation impaired translation of the luciferase mRNA ( Figure 3B) , and the H505Y suppressor mutation restored translational activity to near wild-type levels ( Figure 3B ). Based on these results, we conclude that eIF5B-T439A,H505Y promotes general translation initiation in vivo despite severely impaired GTPase activity.
eIF5B-T439A,H505Y Promotes Ribosomal Subunit Joining Similar to Wild-Type eIF5B
We next examined the ability of eIF5B-T439A,H505Y to promote ribosomal subunit joining. As shown in Figure  4A , the amount of 80S complexes formed with eIF5B-T439A,H505Y was similar to that obtained with wild- order to test whether eIF5B-T439A,H505A can be released from the ribosome in the absence of GTP hydrolysis, we examined this mutant in the 80S joining assay using the modified GDPNP-chase protocol ( Figure 1B) . In contrast to the results with wild-type eIF5B, addition of GDPNP did not stabilize 80S complexes formed by eIF5B-T439A,H505Y ( Figure 4A , compare lane 4 versus 7 and lane 1 versus 6). The increased levels of 48S complexes in assays containing eIF5B-T439A,H505Y likely reflects Met-tRNA i Met rebinding to eIF2•GDPNP complexes.
Reduced Ribosomal Binding Affinity of eIF5B-T439A,H505Y
As both eIF5B-T439A and eIF5B-T439A,H505Y lacked GTPase activity ( Figure 1A ) and overexpression of these proteins impaired the growth of yeast expressing wildtype eIF5B (data not shown), we hypothesized that the eIF5B mutants competed with wild-type eIF5B for binding to the ribosome. We used a GTPase competition assay to indirectly assess the ribosome binding affinity of the eIF5B mutants. The GTPase assays contained a limiting amount of ribosomes, saturating levels of wildtype eIF5B, and increasing amounts of eIF5B-T439A or eIF5B-T439A,H505Y. Addition of eIF5B-T439A, but not eIF5B-T439A,H505Y, effectively blocked the ribosomestimulated GTPase activity of wild-type eIF5B ( Figure  5A ). These results are consistent with the idea that the H505Y suppressor mutation lowers the ribosome binding affinity of eIF5B.
To directly assess ribosome binding affinity, wild-type and mutant forms of eIF5B were mixed with 80S ribo- The observation that the eIF5B-T439A,H505Y mutant restored general translation yet lacked GTPase activity is inconsistent with a crucial mechanochemical role for in the absence of GTP hydrolysis. Accordingly, eIF5B-T439A,H505Y failed to stabilize Met-tRNA i Met binding folthe factor. Therefore, we sought to identify a regulatory role for eIF5B. If GTP hydrolysis and ribosomal release lowing subunit joining like eIF5B-T439A and thus appeared to function like wild-type eIF5B ( Figure 4B) . In by eIF5B insured proper function in the translation initia- tion pathway, then it might be expected that yeast exreinitiation at the subsequent uORFs (Hinnebusch, 1996). Failure to translate uORF1 impairs GCN4 exprespressing eIF5B-T439A,H505Y would display a defect in translational accuracy or fidelity despite the ability of the sion (Hinnebusch, 1996). We used a mutated GCN4-lacZ construct in which uORF1 has been moved and its stop mutant protein to restore general translational activity. Translation of the yeast GCN4 mRNA, encoding a trancodon mutated such that uORF1 overlaps the GCN4 ORF to assess the efficiency of translation initiation at scriptional activator of amino acid biosynthetic enzymes genes, is sensitive to perturbations in general translation the uORF1 AUG codon ( Figure 6B , right image). On this mutant GCN4-lacZ mRNA ribosomes will scan the initiation (Hinnebusch, 1996, 2000) . Phosphorylation of eIF2␣, or mutations that lower eIF2 activity, derepress leader, translate uORF1, and then terminate 3Ј of the GCN4 AUG start codon. As ribosomes cannot exten-GCN4 expression enabling yeast to grow under histidine starvation conditions imposed by the drug 3-aminotrisively scan in a 3Ј to 5Ј direction to access the GCN4 start codon, GCN4-lacZ expression was low in strains azole (3-AT). In contrast, cells expressing non-phosphorylatable eIF2␣ or lacking eIF5B cannot derepress GCN4 expressing wild-type eIF5B ( Figure 6B ). In strains lacking eIF5B or expressing eIF5B-T439A, eIF5B-T439A,H505Y, or expression and thus fail to grow on medium containing 3-AT ( Figure 6A, compare rows 1, 2, 8, and 9) . Likewise, eIF5B-H505Y, GCN4-lacZ expression from this uORF1-extended construct was increased approximately 2-5-cells expressing eIF5B-T439A, eIF5B-T439A,H505Y, or eIF5B-H505Y failed to grow under starvation conditions fold ( Figure 6B ). This suggests a 2-5-fold increase in leaky scanning (ribosomes scanning over the uORF1 ( Figure 6A, rows 3-5) . Interestingly, eIF5B-H505Y lacked detectable ribosome-dependent GTPase activity (data start codon without initiating translation) in the eIF5B mutant strains. Thus, the lack of GTPase activity and not shown). Thus, the inability of these three mutants to support growth on 3-AT medium correlates with the enhanced dissociation of the eIF5B-T439A,H505Y mutant from the ribosome following subunit joining impairs loss of eIF5B GTPase activity. A mutation in the translation initiation factor eIF5 that caused a similar partial the efficiency of translation initiation (as revealed by an increase in leaky scanning) and indicates that GTP impairment of growth on SD medium as observed for the eIF5B-T439A,H505Y mutant showed no growth defect hydrolysis and subsequent release of eIF5B in the final step of translation initiation may serve as a checkpoint under starvation conditions ( Figure 6A, row 6) . Thus, the impaired growth under starvation conditions is specifito insure proper 80S complex assembly. cally linked to lack of eIF5B GTPase activity. A GCN4-lacZ reporter was used to quantify GCN4 expression. In Discussion wild-type cells, GCN4-lacZ expression was low under nutrient rich conditions and increased approximately GTPase Regulatory Switch in eIF5B Modulates Ribosome Binding 12-fold under amino acid starvation conditions ( Figure  6B ). This high level expression of GCN4-lacZ under starWhereas most G proteins are thought to function as regulatory switches, recent studies suggested mechavation conditions was blocked in strains lacking eIF5B or expressing eIF5B-T439A, eIF5B-T439A,H505Y, or nochemical functions for the GTPases dynamin and EF2. The results of this study demonstrate that GTP hydrolyeIF5B-H505Y (Figure 6B) , consistent with the inability of these mutant strains to grow on 3-AT medium. sis by eIF5B is essential for translation initiation; however, this requirement is overcome when eIF5B contains The GCN4 mRNA contains four short upstream open reading frames (uORFs) in its leader that restrict the mutations that lower its ribosomal affinity. We propose that GTP binding and hydrolysis by eIF5B fulfills a reguaccess of ribosomes to the authentic GCN4 start codon. Translational control of GCN4 is dependent on ribolatory function governing ribosome binding by the factor. The eIF5B-T439A,H505Y mutant lacked detectable somes translating the first uORF followed by regulated GTPase activity, but promoted near wild-type growth motes subunit joining, and is then released from the ribosome without GTP hydrolysis. and in vivo translational activity. Further biochemical analysis of this mutant revealed that the H505Y suppressor mutation lowers ribosome affinity, supporting the Two GTPases Regulate the Fidelity and Efficiency of Translation Initiation idea that GTP hydrolysis by eIF5B is required to release the factor from the ribosome following subunit joining.
It was previously established that the GTPase activity of translation factor eIF2 governs the fidelity of AUG Finally, the defect in GCN4 translational regulation and enhanced leaky scanning in strains expressing eIF5B-codon selection (Huang et al., 1997) . Our work identifies a second checkpoint in translation initiation in which the T439A,H505Y indicates that the GTPase activity of eIF5B is necessary for efficient subunit joining at AUG codons.
GTPase activity of eIF5B insures accurate 80S ribosome assembly and efficient AUG codon selection. A model A simple, cyclic model for eIF5B function can be proposed: eIF5B•GTP binds to the 40S subunit and prodepicting these two checkpoints is presented in Figure  7 . An eIF2•GTP•Met-tRNA i Met ternary complex binds to motes 60S joining, subsequent GTP hydrolysis switches eIF5B to a conformation with low ribosomal affinity, and the 40S ribosomal subunit, this complex then binds near the 5Ј end of an mRNA and begins scanning. Basethe factor dissociates from the ribosome (Figure 7, steps  "a-c") . Accordingly, the primary function of the domain pairing between the anticodon of the Met-tRNA i Met in the 40S complex and an AUG codon triggers GTP hydrolysis movements in eIF5B that accompany GTP hydrolysis is to modulate the ribosomal affinity of the factor. by eIF2 and leads to release of eIF2•GDP (reviewed in Hinnebusch, 2000). Mutations in eIF2 or eIF5 that A recent kinetic analysis by Tomsic et al. (2000) revealed that IF2 hydrolyzes GTP rapidly upon ribosome enhance the GTPase activity of eIF2 or that enable eIF2 to dissociate from Met-tRNA i Met in the absence of GTP binding and P i release is slow. In addition, it was concluded that IF2 GTPase activity was not required for IF2 hydrolysis reduce the fidelity of AUG codon selection allowing initiation at non-AUG codons (Huang et al., release following subunit joining. These results led to speculation that IF2 does not follow the switch mecha-1997). Similarly, our work reveals that deletion of eIF5B, or mutations in eIF5B that block the GTPase activity of nism observed for many GTPases, and that the IF2 GTPase activity is required for a function distinct from the factor and enable eIF5B release from the ribosome in the absence of GTP hydrolysis, increase leaky scanprotein synthesis. Our data demonstrate that the GTPase activity of eIF5B is critical for protein synthesis.
ning. In most cases, ribosomes stop scanning when they reach the first AUG codon on an mRNA; however, if the The T439A mutation impaired GTPase activity and caused a severe defect in general protein synthesis (Figstart codon is in a poor sequence context ribosomes may leaky scan past the AUG without initiating translaure 3). The reasons for the discrepancy between our data and those of Tomsic et al. (2000) are not yet clear tion (Kozak, 1999) . We propose that eIF5B binds to a 40S subunit after eIF2 is released, stabilizes Met-tRNA i Met but could be because, as they suggested, the GTP hydrolysis-dependent step was not rate limiting in their in binding, and promotes 60S subunit joining. Formation of a functional 80S ribosome triggers GTP hydrolysis vitro assays. Alternatively, it is possible that the functions of eIF5B and IF2 are distinct.
by eIF5B and its release from the ribosome poised to elongate. In the absence of eIF5B, Met-tRNA i Met dissociTwo of our results strongly indicate that GTP hydrolysis is required for release of eIF5B from the ribosome.
ates from the 40S subunit, which then resumes scanning to the next AUG codon. The increased leaky scanning First, eIF5B-H480E and eIF5B-T439A, which are defective GTPases, function better than wild-type eIF5B in in cells expressing eIF5B-T439A may result from sequestration of the factor in inactive 80S complexes, the 80S formation assay (Figures 1C and 4A) . We propose that these mutant forms of eIF5B are defective for thereby lowering the effective concentration of eIF5B in the cell and mimicking the situation in ⌬eIF5B cells. release from the ribosome and thus stabilize or protect the Met-tRNA i Met in the 80S complex. Our results agree Finally, whereas wild-type eIF5B does not hydrolyze GTP and dissociate from the ribosome until a functional with the studies of Pestova et al. (2000) showing that eIF5B is locked on the 80S ribosome following subunit 80S forms, eIF5B-T439A,H505Y dissociates prematurely without GTP hydrolysis resulting in release of the Metjoining in reactions containing GDPNP. Similarly, Luchin et al. (1999) reported that an H448E mutation in E. coli tRNA i Met and presumably resumed scanning by the 40S complex. Thus, GTP hydrolysis by eIF5B may serve as IF2, which corresponds to the eIF5B-H480E mutant, sea checkpoint to insure accurate 80S ribosome assembly verely impairs GTPase activity and release of the factor and efficient transition of the ribosome to translation from the ribosome following subunit joining. Interestelongation. ingly, our proposal that eIF5B stabilizes Met-tRNA i 
